Introduction: costs and limits in the evolution of plasticity Adaptive phenotypic plasticity allows organisms to cope with a range of environments varying over space and time. (1) (2) (3) Phenotypic plasticity is favored in fluctuating environments because it reduces variance in fitness from one generation to the next (4) and results in high geometric mean fitness. (5) Furthermore, phenotypic plasticity allows a population to invade multiple, disparate ecological niches, thus extending the geographic range and decreasing the probability of extinction caused by habitat loss or environmental stochasticity. (6) Despite its benefits, plasticity is neither ubiquitous nor infinite, leading biologists to search for the costs and limits that constrain the evolution and development of plasticity. (3, 7) DeWitt et al., (8) in particular, outlined a broad range of costs and limits of phenotypic plasticity, and quantitative genetic methods to measure such costs. However, subsequent empirical work has failed to produce a consistent picture of the importance of these costs: while some studies have documented costs of plasticity, (9, 10) more commonly, these costs are found to be reduced or absent, or limited to certain environments or components of plasticity. (11) (12) (13) Thus, although much progress has been made in the last decade, it is clear that our understanding of the costs and limits of plasticity remains incomplete. We suggest that the costs and limits of plasticity may vary with the developmental mechanism of plasticity. Recent advances in genomics and developmental biology have opened this ''black box'' of plasticity, allowing unique insights into the costs and limits of plasticity, and providing a framework for predicting their relative importance. In particular, we are gaining insights into patterns of gene expression induced by a wide range of environmental factors (14) ( Table 1) , one of the principal mechanisms for a genotype to modify its phenotype and thus maintain high performance across a range of environments. (15) (16) (17) (18) In this review we argue that the degree of modularity in the developmental networks that underlie plasticity is of fundamental importance for understanding limits of developmental plasticity. We begin by reviewing the importance and ubiquity of modularity and environment-specific gene expression in the context of plasticity. We then introduce theoretical and empirical evidence suggesting that environment-specific gene expression, arising from modularity in developmental networks, drives a fundamental tradeoff between the reduction of pleiotropic constraints (i.e., the independent ''refinement'' of alternate phenotypes) and the degree of relaxed selection. Lastly, by expanding on existing theory and its application to empirical studies, we discuss implications for the evolution of plasticity. By integrating population genetic theory with the developmental genetic underpinnings of plasticity, we hope to contribute to a synthetic framework for DOI 10.1002/bies.200900132 Hypothesis the evolution of developmental plasticity. More specifically, we suggest that relaxed selection may impose lineagelevel constraints -as opposed to individual-level fitness tradeoffs -that affect the evolutionary origin and maintenance of phenotypic plasticity. We focus our arguments on nonreversible phenotypic plasticity in coarse-grained environments, but we conclude by discussing how these ideas apply to reversible plasticity in fine-grained environments (Fig. 1 ).
Modularity and environment-specific gene expression in plasticity
Modularity is a pervasive concept in biology, from interacting genes and proteins to developmental interactions between traits. We argue that environment-specific gene expression that results from such modular organization comes with a tradeoff between increased evolvability -through the reduction of pleiotropic constraints -and relaxed selection -through a decreased effectiveness of both purifying and positive selection. While there are diverse views on the precise definition of modularity, a common theme -and the definition that we adopt -is that modules are semi-independent, dissociable units (e.g., genes, proteins, and traits), where interactions are more tightly correlated within modules than between modules. Our definition thus encompasses the most common definitions of modularity used in different biological disciplines. For instance, the evo-devo definition of modularity, as used by Raff, (19) emphasizes how traits are underlain by different developmental networks, and postulates that such modular traits can be modified independently. Similarly, the developmental biology perspective of modularity emphasizes how transcription factor regulation can result in the independent expression of different sets of genes during development. (20) Finally, the population genetics view of modularity (21) is based on the genotype-to-phenotype map and the degree to which there are pleiotropic effects among components of a functional complex (''module''). The common link between the various definitions of modularity is that pleiotropic constraints are lower between developmental modules than within modules, whether these modules consist of traits, regulatory interactions, or the genes themselves. (22) Moreover, regardless of the exact focus of each definition, they share the hypothesis that modularity increases evolvability by decreasing pleiotropic constraints: modules can be manipulated independently from one another, facilitating evolutionary change. (23) Modular biological organization, whether on the level of genes, proteins, or traits, is predicted to evolve, at least in part, in response to variable environments. (24) (25) (26) (27) Bacteria that can survive across a greater range of environments (e.g., soil bacteria or those with a broad host range) have more modular metabolic networks than those that are limited to less variable environments (e.g., obligate or specialized bacteria (28, 29) ). This theoretical and empirical work has thus raised the possibility that the ubiquity of variation in gene expression across environmental conditions, such as changes in temperature, social conditions, or nutrition (Table 1) , may be underlain by the induction of alternate, modular developmental networks. Environment-specific gene expression has long been appreciated to underlie plasticity in prokaryotes, (30) and has been inferred based on low genetic correlations in performance across a range of different environments. (31, 32) Furthermore, hundreds of recent microarray studies -considering not only model organisms (Arabidopsis, Drosophila, and Escherichia coli) but also non-model organisms (mangroves, termites, and salmon) -indicate that environment-specific gene expression is an incredibly broad phenomenon (Table 1 ). For instance, 5-50% of the genome may vary in expression with environment, depending on the species and conditions considered ( Table 1 ). The ubiquity of modular design of developmental networks and the hundreds of examples of environment-specific gene expression suggest that the induction of independent (modular) networks of genes is a common strategy to cope with environmental variation.
While modularity in developmental networks may or may not have evolved directly as a result of selection on plasticity in variable environments, once established, it favors the evolution of plasticity through reduction in pleiotropic constraints between alternative phenotypes. Modularity in development permits entire networks or sub-networks to be induced by specific environmental conditions, or cues, through switch-like processes. (33) (34) (35) Most importantly, however, modularity reduces pleiotropic constraints, permitting increased ''fine-tuning'' of different modules to different environments independent of each other. (36) (37) (38) (39) (40) It is well established that context-specific gene expression lessens pleiotropic constraints by limiting the effect of mutations to a specific context (e.g., tissues, sexes, and environments), potentially facilitating rapid sequence divergence. (41) Such adaptive facilitation may explain why protein evolutionary rates are higher in genes specific to sexes (42, 43) and tissues, (44) although in some cases, variation in selection intensity might also explain these differences. Environmentspecific gene expression by no means completely eliminates pleiotropic constraints, because many genes are expressed at a range of time periods and in a range of traits. However, environment-specific gene expression lessens pleiotropic constraints relative to shared or integrated patterns of gene expression across environments. Environment-specific gene expression has a unique emergent property when compared to other instances of context-specific gene expression such as tissue-specific expression: in the latter, each gene is expressed somewhere in the soma of every individual in a population, whereas the expression of environment-specific genes is restricted to only Figure 1 . Conditions under which relaxed selection may limit the origin and maintenance of plasticity. In this figure, individuals are represented as outlined boxes, genes as lower-case letters, and environments as shaded boxes. (A): Relaxed selection may constrain the evolution of plasticity when environment-specific traits are associated with environment-specific expression of genes and individuals experience environmental variation in a coarse-grained manner. Relaxed selection will not constrain the evolution of plasticity when (B) environment-specific traits develop through mechanisms that do not require environment-specific gene expression (e.g., ''hypervariable plasticity''), and (C) individuals experience environmental variation in a fine-grained manner and plastic traits are reversible.
those individuals within a population that experience the inducing environment. As detailed below, like in sex-limited expression, gene expression restricted to a subset of individuals effectively weakens positive and purifying selection, setting the stage for a fundamental tradeoff between reduced pleiotropy and enhanced plasticity on one side, and mutation accumulation and degradation of alternative pathways on the other. We begin with a population-genetic model perspective.
Relaxed selection and plasticity: theory
Here we review the theory that environment-specific genes, relative to genes expressed in all environments, potentially experience relaxed selection, with deleterious mutations having a higher probability of fixation and beneficial mutations having a lower chance of fixation. (45) (46) (47) (48) (49) (50) (51) While every individual in a population is subject to the forces of mutation and genetic drift, not all individuals experience selection in the same way, particularly in genetically or spatially sub-divided populations. (52) (53) (54) For coarse-grained environmental variability, an environment-specific gene, similar to a sex-specific gene, is expressed in only a fraction of the population over a given generation or time period, and so only those copies of the gene in this fraction of individuals experience selection. With sex-specific or environment-specific genes, we can partition the population into the fraction, f that experiences selection on a gene, and the fraction (1 À f) that does not. For autosomal, sex-specific genes, f equals 1/2, (48, 50, 55) whereas for male-specific, X-linked genes, f equals 1/3. (48, 50, 55) We would expect selection to be weakened by a factor, f, compared to a gene under the same strength of selection but which is expressed in every individual in the population and every generation, as supported by theoretical work. (45) (46) (47) (48) (49) (50) (51) 56, 57) The weakening of selection due to environment-specific expression allows deleterious mutations to accumulate in the population to a greater extent than for constitutively expressed traits or genes (Box 1). (45) (46) (47) (48) (49) (50) (51) 56) The effect of such mutation accumulation on mean population fitness is measured by the ''genetic load.'' (58) A population will harbor 1/f times as much polymorphic variation in a plastic gene as in a constitutively expressed gene under the same strength of selection, and this excess variation will primarily be maladaptive (Box 1). (56, 57) For environment-specific traits, increased mutation accumulation due to conditional expression can lead to a potentially significant reduction in fitness of the trait in environments where it is required for survival and/or reproduction. (45) (46) (47) (48) (49) While the fitness of plastic genotypes may be reduced by this mutation accumulation, the structure of environmental variation will determine the overall performance of plastic, relative to specialist, genotypes. For instance, if a plastic genotype is competing with a genotype that specializes in this habitat, the mutation load will reduce the fitness of the plastic genotype species relative to nonplastic specialists that express the trait or gene in every individual and every generation. This has been shown to generate selection for non-plastic specialists relative to plastic generalists in constant environments. (46, 49) Box 1: Increased genetic variation within species Within a population, genetic variation is maintained by a balance between selection, mutation, and genetic drift. Beneficial mutations fix rapidly and so contribute very little to standing genetic variation. (128) In the absence of balancing selection, most polymorphism is due to the balance between recurrent mutation generating new variation, and purifying selection and drift removing this variation. For simplicity, consider a haploid population and assume that the rate of mutation from the deleterious to wild-type allele is negligible, the mean change in the frequency q of a deleterious allele in a single generation is written as,
, where s is the strength of selection against the allele, w is the mean population fitness, and u is the deleterious mutation rate. Under standard assumptions, (129) the equilibrium allele frequency, q Ã , is u/s, and the expected polymorphism p at a locus is the sum of these frequencies over all sites
Note that, for small values of s, the equilibrium allele frequency, q Ã , is higher than it is for large values of s, hence the level of sequence polymorphism will be higher. Extending the argument to diploid systems, a gene with sex-specific or environment-specific expression should have twice the level of polymorphism as a gene experiencing the same selection but in both sexes or all environments. (50, 55) In general, the average selection coefficient experienced by a gene, when only a fraction, f, of its copies are expressed, is simply, sf þ 0(1 À f) or sfṄ ow, consider the ratio of the expected p of a locus when conditionally expressed (f) relative to another locus expressed constitutively (f ¼ 1). The relative increase in polymorphism due to conditional gene expression is
While the increased genetic load will increase heritability, the response to selection -the product of heritability and the selection differential -will be unaffected due to the decrease in the selection differential. (51) These population genetic models are based on the assumption that some genes are ''on'' in some environments, and ''off'' in other environments. However, much empirical evidence (Table 1) suggests that many genes are expressed across environments, but at different levels. If selection is proportional to expression level, or if traits are induced at a particular threshold of gene expression, then these population genetic models -and their conclusions regarding relaxed selection -can be easily extended to many empirical examples of environment-specific gene expression. Regardless, more developmentally realistic models of selection are ripe for investigation, a point we will revisit near the end of our article.
Relaxed selection and plasticity: empirical evidence
Recent observations support the idea that relaxed selection may limit the evolution of phenotypic plasticity through relaxed selection on genes specific to different environments. First, there is growing support for the prediction that environmentspecific genes should accumulate variation within species (Box 1). In bacteria, genes specific to particular population densities (quorum-induced genes), show increased levels of variation within species (Van Dyken and Wade, unpubl. data). In Drosophila, maternal effect genes (e.g., bicoid), for which only the maternal copy is expressed in offspring, also accumulate more variation within species relative to genes expressed at the same time of development, but by both sexes. (59) Second, there is emerging support for the prediction that relaxed selection should result in increased divergence between species, because weakened purifying selection will overshadow weakened positive selection due to the higher input of deleterious mutations (Box 2). For instance, maternal effect genes are more divergent between Drosophila species compared to zygotic genes. (59) (60) (61) Furthermore, in hornpolyphenic beetles, genes that are more specific to horned and hornless morphs are more diverged relative to those with shared expression across morphs (Snell-Rood et al., unpubl. data). This accumulation of deleterious mutations may select against plastic generalists and may explain the abundance of specialists among taxa that experience alternate environments in a coarse-grained manner, such as insects on their host plants. (46, 49) Relaxed selection should result in not only the accumulation of deleterious mutations, but also a weakening of the strength of positive selection. (46) (47) (48) This prediction has been supported in studies of experimental evolution where adaptation occurs more rapidly in specialists evolving in constant environments than in generalists evolving in fluctuating environments. (62, 63) Additional evidence supporting a link between relaxed selection and mutation accumulation comes from contexts outside the phenotypic plasticity literature, where relaxed selection has long been hypothesized to limit adaptation to multiple environments. First, constraints on adaptation to multiple environments experienced over the lifetime of an individual have been hypothesized to be a major force behind the evolution of senescence: genes expressed later in life will not be expressed by all individuals in a population (because many will have since died) and are thus prone to accumulate mutations, (64, 65) an idea that has been supported by some empirical data. (66, 67) Second, in the ecology literature, relaxed selection has also been hypothesized to limit adaptation to multiple environments experienced throughout the range of a species. Relaxed selection may be a force that prohibits species from extending their ecological niche, leading to
Box 2: Increased genetic divergence between species
Following from Box 1, the amount of divergence between two species is determined by the fixation process. The probability of fixation by random drift of a new deleterious allele with selection coefficient sf is (56, 57) P
For constitutively expressed genes, f is 1, and deleterious alleles (s < 0) have a vanishingly small probability of fixing in a population and so do not contribute substantially to divergence. However, the range of effectively neutral mutations is extended by conditional gene expression from s < 1/2 N e for constitutive mutations, (130) 
where f is 1/2 for sex-specific autosomal genes, 1/3 for male-specific X-inked genes, (55) and 1/r for ''kin selection'' genes, where r is the genetic relatedness between performer and receiver of the social trait. (57) For environment-specific genes we let f be the frequency with which the population experiences the inducing environment. As f decreases, many more mutations with more severe deleterious effects become easier to fix between populations. On the other hand, beneficial mutations have a decreased probability of fixation (48) P beneficial $ 2sf
Thus, limited gene expression (f < 1) impedes adaptive evolution, but allows maladaptive mutations to accumulate both within and between species. Because deleterious mutations are significantly more common than beneficial mutations, the net effect of environment-specific expression is to increase genetic divergence between species.
observed patterns of ''niche conservatism'' (52) (53) (54) and range limits. (68) Relaxed selection should have long-term consequences for the evolution of plasticity. First, the evolution of adaptive environment-specific gene expression may be limited to environments that are experienced predictably and may be absent for rarely experienced environments. Some of the most environment-specific gene expression occurs between the sexes, ''alternative phenotypes'' expressed in each generation. (69, 70) Regularly recurring selection on alternative networks through equal sex ratios may restrict mutation accumulation to low levels and allow highly modular alternative networks to persist. An interesting exception that may prove the rule occurs in aphids, where sexual and asexual generations alternate, such that males are expressed at most once every 10-20 female generations. Here, the accelerated divergence of male-specific genes is more consistent with relaxed selection than positive selection. (71) Second, environment-specific gene expression may be restricted to a small number of alternate environments. Environmentally induced alternative morphs in insects rarely exceed two alternate forms (e.g., spring/summer morphs in insects, gregarious/solitary morphs in locusts, and sneaker/ fighter morphs in beetles). Importantly, most exceptions to this rule are observed in eusocial insects (ants, bees, and termites) where all alternative morphs (castes: queens, workers, soldiers, etc.) are expressed for every round of (colony-level) selection. (72) Exceptions to this rule, such as facultative trimorphisms in non-social beetles, (73) may provide an ideal opportunity to test the importance of relaxed selection for limiting the evolution of plasticity. If relaxed selection acts as a constraint on adaptation to a range of environments, selection may favor mechanisms of plasticity other than modular developmental networks that result in environment-specific traits (Fig. 1) . For instance, ''hypervariable plasticity,'' also known as somatic selection (39, 74) and bet-hedging, (75) can produce wide ranges of alternate phenotypes without relying on environment-specific gene expression. For instance, genes involved in learning are general, but modification of particular synapses through common pathways is environment-specific. Determining selection on different mechanisms of plasticity is an important area open for future research.
Relaxed selection as a promoter and a constraint in the evolution of plasticity
Relaxed selection on environment-specific genes may serve as both a promoter and a constraint in the evolution of phenotypic plasticity, properties that may be seen most clearly during periods of environmental stasis. While positive selection is generally weakened on environment-specific genes, during periods of stasis, the potential strength of positive selection is restored. Prior periods of relaxed selection should facilitate evolutionary change under such conditions due to the accumulation of genetic variation and novel combinations of variants, both of which can fuel the rate of evolutionary response. (76) (77) (78) The release of cryptic genetic variation during shifts into novel or stressful environments has long been hypothesized to facilitate evolutionary change; (79, 80) relaxed selection on environment-specific genes may provide a general mechanism by which this variability accumulates. However, unexpressed genes or pathways may also degrade rapidly during periods of stasis due to further mutation accumulation. (81) (82) (83) For instance, sporulation, a complex response to stress in bacteria, involving the expression of over 200 genes, is predominantly lost through neutral processes of mutation accumulation instead of
Glossary
Adaptive phenotypic plasticity: The ability of a genotype to express phenotypes appropriate to local conditions and thus maintain high performance across a range of environments. We focus on irreversible, ''developmental plasticity.'' Coarse-grained environmental variation: The environment varies over space and time, but each individual spends its lifetime in one environment; fine-grained variation refers to spatial and/or temporal variability within an individual's lifetime. Hypervariable plasticity: A developmental mechanism of plasticity whereby a range of variant phenotypes are produced and subsequently selected by experience with the environment, such as in learning or acquired immunity (also known as somatic, epigenetic, or developmental selection). In some contexts, ''bet-hedging'' may also be considered a form of hypervariable plasticity. Modularity: Independent evolutionary or developmental units; as related to plasticity -the induction of independent groups of genes or their regulators in different environments.
Mutation load: The reduction in survival or reproductionin particular in plastic genotypes -due to the accumulation of deleterious mutations in conditional or environmentspecific traits or genes.
Pleiotropic constraints: When a gene affects the development of at least two different traits, and thus evolutionary divergence between these traits is hampered.
Relaxed selection: A weakening of both positive and purifying selection, resulting in an increased probability of fixing deleterious mutations and a decreased probability of fixing beneficial mutations.
selection, when populations are not induced to sporulate for 6,000 generations. (84, 85) Similarly, microbes in constant environments (e.g., within hosts) show massive reductions in genome size and the accumulation of pseudogenes through weakened selection; there is no evidence for active selection for smaller genomes due to higher replication rates. (86, 87) Finally, a wide range of selection experiments in microbes supports the idea that mutation accumulation degrades adaptation to ancestral environments. (88) (89) (90) (91) (92) Thus, alternate developmental pathways that once supported phenotypic plasticity may be rapidly lost during periods of environmental stasis due to mutation accumulation on top of that already present in the ''mutation load.''
Implications and future areas of research
When and where is relaxed selection promoting or constraining adaptive evolution?
Existing theoretical and empirical studies provide support for the notion that relaxed selection arising from environmentspecific gene expression can bring about increased genetic variation, which may increase the probability of favorable combinations of mutations, and may fuel evolution (of expressed genes) under certain environmental conditions (e.g., periods of stasis). In contrast, both theoretical and empirical studies also support the notion that relaxed selection through phenotypic plasticity decreases the probability of fixation of adaptive alleles, and can bring about the deterioration of alternative pathways through the increased probability of fixation of deleterious alleles. Determining which of these two sets of consequences of relaxed selection predominates, and under what circumstances, will have to be a major focus to fully elucidate the costs, limits, and emerging properties of plasticity. For instance, does environment-specific gene expression facilitate adaptive evolution in the short term (e.g., during colonization of new habitats and radiation events) but impede it during cladogenesis? Does relaxed selection play an important role in the origin of novel traits but impede their subsequent diversification? Developing corresponding theoretical and empirical approaches to these questions will be critical to determine what, if any, role modular, environment-specific developmental networks play in the origin of new variants, traits, or species.
The fitness consequences of differential expression and the complexity of developmental regulation
Whether or not we will be able to address the above questions will depend in large part on the ability of population-genetic models to incorporate the continuous and complex nature of developmental regulatory mechanisms. Present models assume genes to be ''on'' or ''off'' in specific environments, yet this is rarely the case. More commonly, gene expression exhibits more or less significant differences across environments. In a subset of cases, such as the induction of traits at threshold levels of gene expression, ''low'' levels of expression may be functionally equivalent to ''no'' expression, causing genes to experience relaxed selection in ''lowexpression'' environments. But how low is low enough for the strength of selection to vary significantly across gene classes and developmental contexts? To extend the framework presented here beyond on/off genes we will have to determine empirically how fitness relates to differential, environmentspecific expression during development. More important for further integration of the population and developmental genetic perspectives on the evolution of plasticity, is the incorporation of the complexity of developmental regulatory mechanisms into a population genetic framework. Differential gene expression, whether ''on/off'' or ''high/low,'' is brought about by mechanisms operating on a variety of levels of biological organization, including regulatory elements on the level of DNA, small-interfering RNAs on the RNA level, and transcription factors on the level of proteins, all of which may themselves be subject to relaxed selection under certain circumstances. Most importantly, many components of this machinery need to be functional for genes to be activated or silenced in an environment-specific manner. For instance, the lack of expression of a focal gene in one environment may only be possible through the induced expression of an inhibitory transcription factor recognizing and blocking a specific regulatory site. While the proteincoding portion of our focal gene experiences relaxed selection, the transcription factor and regulatory site do not. These roles may be reversed in the alternate environment.
The regulatory components associated with differential gene expression and thus relaxed selection may therefore vary substantially with network architecture. Our understanding of the population-genetic fate of these components will thus only be as good as our abilities to elucidate network architecture. A more thorough understanding of patterns of environmentspecific gene expression may be particularly critical for understanding the few instances -in particular in RNA viruses -where organisms appear to adapt to a range of environments without suffering costs of mutation accumulation. (93, 94) Conditions limiting the evolution of environment-specific expression: the importance of environmental grain
The importance of relaxed selection in degrading alternate developmental pathways is entirely dependent on the grain of environmental variation (Fig. 1) . (95) If each individual experiences all environments (fine-grained environment), environment-specific genes will be subject to selection in every individual in the population in each generation. Alternatively, each individual may experience only one of several environments during its lifetime (coarse-grained variation). Here, relaxed selection will constrain the evolution of environment-specific gene expression. For instance, individuals often experience a range of temperatures during their lifetime, facilitating the evolution of complex expression responses to temperature, but specific resources or dangers (e.g., insecticides) may be rare, selecting against a complex environment-specific response (see Table 1 ). Fine-grained environments go hand-in-hand with the evolution of tolerance or reversible plasticity, which likewise should be less limited by relaxed selection (provided alternate environments are experienced randomly with respect to age). Our understanding of the evolution of plasticity is thus limited by our understanding of patterns of environmental variability: to what extent are different abiotic and biotic resources and stressors distributed in a fine-grained or coarse-grained manner? How is environmental variability structured for species with different dispersal abilities and life histories? Is the evolution of environment-specific expression determined by these patterns? Much of the theory and discussion on the topic of relaxed selection and plasticity focuses on coarse-grained environments due to their simplicity in modeling and their consequences for relaxed selection. However, in reality, environmental variation is often more complex, shifting between coarse and fine grained, and varying in a continuous instead of a discrete manner. We need not only better descriptions of patterns of environmental variation, but more biologically realistic modeling of this variation.
Conclusions
In conclusion, recent advances in developmental genetics and genomics open new doors for understanding relaxed selection as a limit to adaptation to multiple environments. In the end, relaxed selection may explain not only limits to evolutionary origin and maintenance of plasticity at the lineage level, but also the empirical paucity of costs of plasticity at the individual level. The more we understand the diverse developmental mechanisms that underlie plasticity, the more we can explain the varying costs and limits that affect the evolution of plasticity.
Outstanding questions box
Evolution of development 1. What proportion of genes differ in absolute expression (''on''/''off'') between environments (or morphs) versus differential or relative expression? Is selection proportional to degree of differential expression such that population genetic models of relaxed selection (e.g., Boxes 1 and 2) can be easily extended to relative differences in expression (e.g., Table 1 )? 2. What is the structure of networks that underlie plasticity? With respect to alternate phenotypes, are these networks modular or integrated? What evidence exists for non-modular networks underlying plasticity, where all genes are expressed in different environments, but different phenotypes result? 3. How do developmental networks underlying plasticity arise and diversify? Are particular genes such as duplicated genes, (113) or regulatory elements such as transacting factors, more likely to be co-opted in the development of alternate phenotypes or environment-specific expression?
Ecology and evolution of plasticity
4.
To what extent does relaxed selection promote or constrain the evolution of plasticity through the accumulation of variation and the degradation of alternate pathways? To what extent does relaxed selection affect micro-evolutionary changes versus macroevolutionary processes? 5. What is the role of environmental grain in the evolution of developmental mechanisms of plasticity? Are fine-grained environments more likely than coarsegrained environments to select for modular networks underlying plasticity? 6. Can lineage-level selection maintain complex alternate developmental pathways specific to different environments?
